Cold acclimation of ectotherms results typically in enhanced oxidative capacities and lipid remodeling, changes that should increase the risk of lipid peroxidation (LPO). It is unclear whether activities of antioxidant enzymes may respond in a manner to mitigate the increased potential for LPO. The current study addresses these questions using killifish (Fundulus heteroclitus macrolepidotus) and bluegill (Lepomis macrochirus) acclimated to 5 and 25°C for 9days and 2months, respectively. Because the effects of temperature acclimation on pro-and antioxidant metabolism may be confounded by variable activity levels among temperature groups, one species (killifish) was also subjected to a 9-day exercise acclimation. Oxidative capacity of glycolytic (skeletal) muscle (indicated by the activity of cytochrome c oxidase) was elevated by 1.5-fold in killifish, following cold acclimation, but was unchanged in cardiac muscle and also unaffected by exercise acclimation in either tissue. No changes in citrate synthase activity were detected in either tissue following temperature acclimation. Enzymatic antioxidants (catalase and superoxide dismutase) of either muscle type were unaltered by temperature or exercise acclimation. Mitochondria from glycolytic muscle of cold-acclimated killifish were enriched in highly oxidizable polyunsatured fatty acids (PUFA), including diacyl phospholipids (total carbons:total double bonds) 40:8 and 44:12. Increased oxidative capacity, coupled with elevated PUFA content in mitochondria from cold-acclimated animals did not, however, impact LPO susceptibility when measured with C11-BODIPY. The apparent mismatch between oxidative capacity and enzymatic antioxidants following temperature acclimation will be addressed in future studies.
INTRODUCTION
Aerobic organisms face challenges associated with the formation of reactive oxygen species (ROS), including superoxide (O 2
•-
), hydroxyl radical (-OH) and the peroxyl radical (ROO • ), which can damage biological molecules, including lipids, proteins and DNA (Halliwell and Gutteridge, 1999) . Some ROS can initiate lipid peroxidation (LPO), a self-propagating process in which a peroxyl radical is formed when a ROS has sufficient reactivity to abstract a hydrogen atom from an intact lipid (Halliwell and Gutteridge, 1999) . The peroxidized portion of a phospholipid exists in the nonpolar interior of the membrane bilayer, disrupting hydrophobic lipid-lipid interactions and placing membrane integrity at risk (Kagan, 1988; Kühn and Borchert, 2002) . Cells are protected from ROS-induced damage by two classes of antioxidant defense: lowmolecular-mass antioxidants (e.g. glutathione, vitamins E and C) and antioxidant enzymes [e.g. superoxide dismutase (SOD) and catalase (CAT)]. SOD catalyzes the dismutation of superoxide, and CAT eliminates H 2 O 2 , which is regularly formed in cells by multiple processes including SOD-catalyzed reactions. Under most physiological conditions, ROS production is closely matched by antioxidant responses, but when unmatched, organisms can experience bouts of oxidative stress including LPO (Halliwell and Gutteridge, 1999) .
Temperature acclimation/adaptation typically results in restructuring of biological membranes and various metabolic changes in ectotherms, and these physiological responses should impact the susceptibility of biological membranes to LPO (Crockett, 2008) . Cold-acclimated fishes possess elevated amounts of unsaturated fatty acids within phospholipids (Wodtke, 1978; Crockett and Hazel, 1995; Logue et al., 2000) and a decreased ratio of phosphatidylcholine (PC)/phosphatidylethanolamine (PE) relative to counterparts at warmer temperatures (Hazel and Landrey, 1988) . Phospholipids containing polyunsaturated fatty acids (PUFA) (Holman, 1954; Cosgrove et al., 1987) and PE (Wang et al., 1994) are at particularly high risk of LPO relative to less unsaturated lipid species and lipids with a choline headgroup. The risk of LPO resulting from lipid remodeling at low temperature may be magnified because fishes acclimated to low temperatures often possess higher oxidative capacities (Guderley, 2004) and undergo significant proliferation of mitochondria (Johnston and Maitland, 1980; Egginton and Sidell, 1989) relative to warm-acclimated animals. It seems reasonable to expect that an enhancement of oxygen utilization in tissues of coldacclimated ectotherms may result in elevated rates of ROS production, although the relationship between rates of ROS production and oxidative capacities is not simple (Brand, 2000) . Finally, cold temperatures are accompanied by an elevated physical dissolution of oxygen and increased concentrations of intracellular lipids (Egginton and Sidell, 1989) in which oxygen solubility is 4-fold greater than oxygen solubility in an aqueous medium (Battino et al., 1968) . These factors may enhance the availability of oxygen to ROS-generating processes at low temperatures, yet it is unclear what risk a greater susceptibility to LPO and higher oxidative capacities pose for cold-adapted/ acclimated fish.
Attempts to understand the role of temperature acclimation on oxidative capacities and enzymatic antioxidants in fishes may be confounded by variable activity patterns among temperature acclimation groups. Temperature directly influences activity levels in ectotherms. Tschantz et al. report that swimming activity of warmacclimated centrachids (25°C), relative to 5°C counterparts, increases up to an order of magnitude, depending on the species (Tschantz et al., 2002) . Similarly, O'Steen and Bennett demonstrated that warm acclimation of the tropical tinfoil barb (to 33°C) and eurythermal river barbel (to 25°C) resulted in 1.7-and 4-fold increases in voluntary swimming beyond rates in cold-acclimated equivalents (17°C, tinfoil barb; 7°C, river barbel) (O'Steen and Bennett, 2003) . Variable activity patterns in ectotherms during temperature acclimation may be problematic for studies interested in the effects of temperature on oxidative capacities and antioxidants, because oxidative capacities in fishes may be enhanced by regular increases in activity (Davison, 1997) , and enzymatic antioxidants appear to be elevated in more active fishes (Wilhelm-Filho, 1996) .
The current study evaluates enzymatic indicators of oxidative capacities and antioxidant defense in two eurythermal fishes, killifish (Fundulus heteroclitus macrolepidotus) and bluegill (Lepomis macrochirus), which were both acclimated to 5 and 25°C. In addition, we compare phospholipid compositions and LPO susceptibility in mitochondrial and microsomal membranes prepared from killifish glycolytic muscle. Specifically, we measure the activities of citrate synthase (CS) and cytochrome c oxidase (CCO) and activities of two antioxidant enzymes (SOD and CAT) in cardiac muscle and glycolytic muscle (axial skeletal muscle) of cold-and warm-acclimated fishes. LPO susceptibility is quantified in biological membranes using two approaches, the frequently used thiobarbituric acid-reactive substances (TBARS) assay, as well as a method which involves one of a new generation of fluorometric probes (C11-BODIPY). This study is the first to simultaneously consider relative contributions of thermal acclimation and variable activity level to changes in oxidative capacities, antioxidant responses, LPO susceptibility and membrane composition of an ectotherm.
MATERIALS AND METHODS

Temperature acclimations
Adult killifish, Fundulus heteroclitus macrolepidotus (L.) (SL>55mm), were wild-caught by Aquatic Research Organisms (Hampton, NH, USA), and adult bluegill, Lepomis macrochirus (Rafinesque) (SL>100mm), were obtained from the Fish Management and Aquaculture Program at Hocking College (Nelsonville, OH, USA). Fish were held for two weeks in 15°C, 32‰ seawater (killifish) or 15°C filtered, dechlorinated tapwater (bluegill), to ensure all individuals were healthy and feeding and also to reset the thermal history of the animals prior to initiating temperature acclimations. Both species were acclimated to 5 or 25°C. Temperatures were adjusted from ambient at a rate of ± 2.5°Cday -1 for killifish and ±1.5-2°Cday -1 for bluegill until the final temperature (5° or 25°C) was reached. The acclimation period commenced once final temperature had been sustained for 24h, and animals were feeding and showing no sign of stress. Duration of acclimation was a full nine days for killifish and two months for bluegill. A short acclimation for killifish was chosen because the species occupies ecological habitats that can experience extensive tidally driven temperature fluctuations (8°C changes in water temperature in 30min) (Bulger, 1984) and exist over a thermal gradient in which a 1° change in latitude results in a 1°C change in temperature (Powers et al., 1991) . Consequently, we predicted that killifish would respond more quickly to temperature acclimation than other eurythermal species. Water quality (e.g. ammonia, nitrate, nitrite and pH) was monitored for both species, and all tanks were continuously aerated (and monitored to ensure comparable O 2 saturation levels). Animals were maintained at ambient photoperiod (16h:8h L:D, killifish; 12h:12h L:D, bluegill) throughout the acclimatory period.
Exercise acclimation
During June 2007, 60 male killifish were collected from an estuarine tidal creek on Mt Desert Island, ME, USA. Fish were returned to the Mt Desert Island Biological Laboratory (MDIBL) and held in ambient (~11°C), flow-through seawater for one week to ensure all fish were healthy and eating prior to the onset of the exercise training regime.
Killifish between 40 and 50mm (standard length) were evenly divided between two modified Beamish-style swim tunnels and allowed to habituate to their enclosures for 24h. Treatment fish were exercised daily for 6h at swimming rates of 2.25BLs -1 , a value significantly below the species' critical swimming speed (U crit ) and at approximately the midpoint of the species aerobic swimming abilities (Fangue et al., 2008) [exercise regime adapted from van der Meulen et al. (van der Meulen et al., 2006) ]. The prescribed swimming speeds were comparable to sustained activity levels of warm-acclimated fish described above. Johnston and Moon (Johnston and Moon, 1980) showed that both axial glycolytic and aerobic fiber types of coalfish were active at swimming rates of 0.8-2.0BLs -1 , speeds that these fish could sustain indefinitely. These data show that both muscle fiber types can be recruited during sustainable activity. Each day, the fish were allowed to adjust to the flow regime by swimming 20min at 1.15BLs -1 , followed by 20min at 1.75BLs -1 , before the final swimming rate was established. This exercise regime was maintained daily for a period of 9days in order to mirror the duration of the temperature acclimation experiments. Exercise bouts were alternated daily between 06.00-12.00h and 12.00-18.00h to avoid diurnal effects. Control fish were held in an identical swim tunnel that lacked a pump. Water quality and oxygen saturation were maintained in both swim tunnels by flowthrough seawater, and both photoperiod (16h:8h L:D) and temperature (10.5-12°C) were ambient. Both groups of fish were fed daily to satiation.
Tissue sampling and enzymatic analyses
Fish were stunned with a cranial blow and euthanized by cervical transection. Subsequently, glycolytic (skeletal) muscle and cardiac ventricle were dissected on an ice-cold glass stage and homogenized. Glycolytic muscle was homogenized 10% (w/v) in ice-cold 50mmoll -1 potassium phosphate buffer (pH 7.2), while two heart ventricles were pooled and homogenized in 500l of the same buffer. Skeletal muscle was initially homogenized on ice with a Biospec tissuemizer (Bartlesville, OK, USA) (three 5s bursts at low speed), and final homogenates were prepared in 7ml Tenbroeck ground-glass homogenizers (five passes). Hearts were homogenized directly in 2ml Tenbroeck ground-glass homogenizers (three passes). Homogenized tissues were sonicated on ice (two 2s bursts for heart, and three 4s bursts for skeletal muscle, with cooling intervals between bursts) to lyse all subcellular compartments. Lipid peroxidation in acclimated fishes Enzyme activities were assayed with Beckman DU640 UV/VIS (Beckman Coulter, Brea, CA, USA) and Pharmacia Ultrospec 3000 (GE Healthcare, Piscataway, NJ, USA) spectrophotometers fitted with circulating water baths and a temperature-controlled cell holder. Oxidative capacities were inferred from activities of CS and CCO [assays described in Hansen and Sidell (Hansen and Sidell, 1983) ], while activities of total SOD [assay modified from Crapo et al. (Crapo et al., 1978) ] and CAT [assay from Beers and Sizer (Beers and Sizer, 1952) ] represented the enzymatic antioxidant responses. All assays were conducted at a temperature intermediate (15°C) to acclimation temperatures, which allows for direct comparison of enzyme activity between cold-and warm-acclimated groups. Activities were determined from assays performed in either duplicate or triplicate and were conducted using crude homogenates, except for CAT activity of glycolytic muscle in killifish. In this case, crude homogenates were centrifuged at 1000g for 2min, and resulting supernatants were assayed. Protein concentrations of crude homogenates and supernatants were quantified using the BCA method (Smith et al., 1985) .
Membrane preparations
Biological membranes were not prepared from cardiac tissue because hearts of both species were prohibitively small, and therefore the use of these tissues was limited to enzymatic analyses only. Approximately 2g of skeletal (glycolytic axial) muscle was used to prepare microsomal membranes as modified from Vornanen et al. (Vornanen et al., 1999) . For both species, skeletal muscle pieces were homogenized in nine volumes of homogenization medium (100mmoll -1 NaCl, 0.1mmoll -1 EDTA, 0.1mmoll -1 EGTA and 20mmoll -1 MOPS at pH 7.6) using a Biospec tissuemizer. Further processing of the homogenate was made with three passes of a tight-fitting 35ml Potter-Elvehjem homogenizer. All homogenization steps were performed at icecold temperatures. Homogenates were centrifuged at 3100g for 30min. Resulting supernatants were collected and set aside on ice while pellets were gently resuspended in 20ml of homogenization medium using a Potter-Elvehjem homogenizer. The resuspension was centrifuged as previously. Combined supernatants were centrifuged at 100,000g for 60min. All centrifugation steps were performed at 4°C. Resulting pellets, containing microsomal membranes, were resuspended in <1ml 10mmoll -1 Tris-HCl (pH 7.6) using a Tenbroeck homogenizer and frozen immediately in liquid nitrogen.
Mitochondria were isolated from 2-3g of skeletal muscle following a modification of Moyes (Moyes, 1989) . Tissues were homogenized in nine volumes of ice-cold homogenization medium (140mmoll -1 KCl, 20mmoll -1 Hepes, 10mmoll -1 EDTA, 5mmoll
MgCl 2 , 0.5% BSA at pH 7.1) using three successive passes of a loose, and then tight, fitting Potter-Elvehjem homogenizer. Crude homogenates were centrifuged at 800g for 5min. Resulting supernatants were filtered, respun, filtered as previously and further centrifuged at 9000g for 10min. The pellet was resuspended and centrifuged at the same higher speed. All centrifugation steps were performed at 4°C. The final pellet was collected and resuspended in 10mmoll -1 Tris-HCl and frozen at -70°C.
Rates of lipid peroxidation
Rates of LPO were evaluated over time using thiobarbituric acidreactive substances (TBARS) and/or 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid (C11-BODIPY ® 581/591) in membrane preparations. LPO was induced in both analyses by the production of hydroxyl radicals from the Fenton reaction between Fe 2+ (as FeSO 4 ) and ascorbic acid (AsA) (Haberland et al., 1996) .
The methods described in Uchiyama et al. (Uchiyama et al., 1978) , as modified by Pamplona et al. (Pamplona et al., 1996) for TBARS, were used in the current study. Briefly, bluegill microsomes were diluted to 1mg proteinml -1 in 50mmoll -1 potassium phosphate buffer (pH 7.4). LPO was initiated by mixing membrane samples, Fe 2+ (0.2mmoll -1
), and AsA (1.6mmoll
) in a volume ratio (2:1:1). LPO was allowed to proceed for 6h at room temperature (approximately 23°C) and was sub-sampled every 60min. Color development was initiated as previously reported. The difference between absorbance values measured at 535nm and 520nm represents the concentration of malondialdehyde (MDA), a secondary product of LPO. MDA concentrations were plotted for each time point and a best-fit line was plotted through the linear portion of the data. Resulting slopes (R 2 ≥0.89 for all samples) as MDA concentration min -1 were used to calculate final LPO rates with an extinction coefficient of 155Almmol
Rates of LPO were also quantified in both species using the fluorometric reporter C-11 BODIPY. C11-BODIPY, a fatty acid analogue, indexes LPO in real-time by monitoring shifts in fluorescence upon probe oxidation. C11-BODIPY is an appropriate reporter molecule for comparing LPO in membranes of teleost fishes because it is sensitive to increasing levels of PUFA within the membrane (Drummen et al., 2002) .
To incorporate the probe into membranes, killifish and bluegill membranes were diluted to final protein contents of 0.05 and 0.1mg proteinml -1 , respectively, with 20mmoll -1 Tris-HCl (pH 7.4). Membrane dilutions varied between study species to account for the particularly high content of readily oxidized PUFAs (e.g. 22:6) typically present in membranes of marine fish species. A working stock of BODIPY probe (1mmoll -1 in 100% ethanol) was diluted to 10moll -1 using 20mmoll -1 Tris-HCl (pH 7.4). Diluted membranes (5ml) were mixed with a small volume of the diluted probe solution to a final probe concentration of either 150nmoll -1 (killifish) or 300nmoll -1 (bluegill) to achieve probe-to-protein ratios that were consistent between preparations. The probe was dispersed within membranes by stirring slowly in the dark at 4°C for 60min. Subsequently, LPO was induced in bluegill microsomes by adding 30l each of 0.2mmoll -1 Fe 2+ and 1.6mmoll -1 AsA (final concentrations of 2.3 and 17.5moll , respectively) to 2.5ml of probe/membrane solution. Fluorescence decay was followed at 25°C (bluegill) or 15°C (killifish) with excitation/emission wavelengths of 568/590nm. Changes in fluorescence decay were monitored until the slope was non-linear or fluorescence intensity was near zero. Linear portions of the decay slopes represented rates of LPO as fluorescent intensity min -1 . An extinction coefficient of 139,444Almol
-1 was used in all C11-BODIPY calculations (Drummen et al., 2004) . Endogenous LPO was undetectable by either reporter method. Rates of LPO (slopes of MDA and C-11 BODIPY time course experiments) were normalized to total phospholipid content by measuring hydrolyzed phosphate according to Rouser et al. (Rouser et al., 1970) .
Lipid extraction
Lipids were extracted from killifish mitochondrial and microsomal preparations in the presence of chloroform and methanol according to Bligh and Dyer (Bligh and Dyer, 1959) . Total lipid extracts were sent to the Kansas State University Lipidomics Research Center for analysis of phospholipid class and molecular species. Unsaturation index (UI) was calculated as modified from Hulbert et al. (Hulbert et al., 2007) to account for the total number of double bonds present in diacyl phospholipids rather than individual fatty acids. As a result, double bond number can range from 0 to 12, with a maximum value of 12, which would represent a phospholipid containing two fatty acid chains with six double bonds apiece: UI  (0 ϫ mol% of fatty acids containing no double bonds) + (1 ϫ mol% of fatty acids containing one double bonds) + (2 ϫ mol% of fatty acids containing two double bonds) … (12 ϫ mol% of fatty acids containing 12 double bonds).
Statistical analyses
Mean enzymatic responses (units min -1 g -1 wet tissue mass) and LPO susceptibility (normalized to phospholipid content) were compared between acclimation groups using parametric unpaired t-tests (JMP5; SAS, Cary, NC, USA). Data not meeting the assumption of normality were compared using Wilcoxon rank sums (JMP5). Statistical conclusions on enzyme data were based on Bonferroni-adjusted alpha values () of either 0.016 (three comparisons) or 0.0125 (four comparisons). All other data were evaluated relative to 0.05. Unless otherwise noted, data are presented as means ± standard error of the mean (s.e.m.).
RESULTS
Oxidative capacity and enzymatic antioxidants
As indicated by activities of CCO, oxidative capacities were higher in glycolytic skeletal muscle, but not heart, of cold-acclimated killifish relative to warm-acclimated individuals (Fig.1) . Activities of CCO in killifish glycolytic muscle were 1.5-fold higher in 5°C-acclimated fish compared with 25°C counterparts (t-test; t 18 -4.56, P0.0002; Fig.1A ). Although generally elevated, differences in CS activities between treatment groups failed to reach significance (Fig.1A,B) . Similarly, exercise training did not affect oxidative capacity of either glycolytic muscle (Fig.2A) or cardiac muscle in killifish (Fig.2B) . Activities of enzymatic antioxidants measured in cardiac or glycolytic muscle of either species were unaffected by temperature acclimation (Fig.3A,B) . Exercise acclimation of killifish also did not change activities of CAT or SOD (Fig.2A,B) .
Phospholipid composition (killifish)
Although membrane remodeling of individual saturated and unsaturated phospholipids from both mitochondria and microsomes was relatively modest in response to temperature acclimation, there were significant differences in both the composition and the extent of remodeling in the two membrane fractions. While only the saturated phosphatidylcholine 38:0 (t-test; t 1,12 -2.77, P0.016) varied significantly among individual phospholipids of mitochondria (Table1), the total amount of saturated phospholipids (SFA) was 1.3-fold more abundant in 25°C-acclimated killifish mitochondria relative to those prepared from 5°C-acclimated counterparts (t-test; t 1,11 4.23, P<0.0002). Similarly, microsomal membranes prepared from 25°C-acclimated animals were enriched in the saturated phosphatidylcholine 32:0 (t-test; t 1,6 10.88, P<0.0001) and the unsaturated PC 36:2 (t-test; t 1,6 2.84, P0.029) relative to membranes from the cold-acclimated group (Table1). The total amount of SFA, however, was not changed in microsomes by temperature acclimation. Contents of several polyunsaturated phospholipids were altered by temperature acclimation in mitochondrial membranes, but not microsomes, from glycolytic muscle (Table1). Mitochondria from cold-acclimated killifish were enriched in polyunsaturated phosphatidylethanolamines containing two docohexaenoyl chains) (t-test; t 1,12 -2.79, P0.016). This remodeling, however, did not affect the total amount of monoor polyunsaturated fatty acids in the membrane or the unsaturation index (UI) between temperature acclimation groups. Likewise, neither the amounts of mono-and polyunsaturated fatty acids nor the UI of microsomes were altered by temperature acclimation. When UIs from cold-and warm-acclimated groups are pooled, the UI of mitochondria (566) is 1.2-fold greater than the UI value of 479 observed in microsomes (t-test; t 20 -5.73, P<0.0001; Table1), indicating a greater number of double bonds present in membranes of mitochondria. Finally, the ratio of the major phospholipid classes, PC/PE, was unaffected by temperature acclimation in all membranes tested (Table1), while PC/PE ratios varied among subcellular fractions, with PC/PE being 5.2-fold higher in microsomes than in mitochondria (Wilcoxon rank sums; z 148 3.78, P0.0002; Table1).
Susceptibility to LPO
Analyses with both TBARS and C11-BODIPY revealed that temperature acclimation did not change the susceptibility to LPO when membranes were exposed to a hydroxyl radical generating system (FeSO 4 /AsA; Figs4,5). Interestingly, subcellular fractions prepared from glycolytic muscle of killifish responded differently to oxidative challenge. Since there is no statistically significant difference between acclimation groups, pooling the results enables a comparison between mitochondrial and microsomal fractions, which revealed that LPO susceptibility was 2.6-fold greater in microsomal (t-test; t 1,9.87 4.17, P0.002) relative to mitochondrial membranes.
DISCUSSION
Oxidative and antioxidant capacities
Activities of oxidative and antioxidant enzymes in studies involving temperature acclimations are not likely to be confounded by differences in routine locomotory behavior among temperature treatments. While acclimation to cold temperature (5°C) results in enhanced oxidative capacities (activities of CCO, but not CS, were increased) after only nine days in killifish, we found that this same duration of endurance (exercise) training altered neither oxidative capacities (activities of CCO or CS) nor activities of antioxidant enzymes in muscle tissues from killifish. The enhancement of oxidative capacities, as has so often been observed in coldacclimated (or -adapted) ectotherms relative to warm-acclimated animals, is therefore likely to be governed by temperature alone. Diacyl lipid composition data (headgroup total number of carbons:total number of double bonds) are presented as mean mol% ± s.e.m. Only molecular species present in amounts ≥1mol% for at least one of the temperature treatments within a membrane preparation are shown. *Significant difference between treatment means (P<0.0001); † significant difference between treatment means (P<0.05). See List of abbreviations in text for definitions.
We suggest that the level of locomotory activity need not be a concern, at least in many cases, with studies aimed at addressing questions related to the effects of acclimation temperature on oxidative and/or antioxidant activities in ecothermic animals.
The 1.5-fold rise in CCO activity from skeletal muscle of killifish following nine days of cold acclimation is the quickest change reported for this tissue, as well as for this electron transport complex, and mirrors the rapid (7-10-day) response in CS activity reported by Lucassen et al. in liver tissue from a 10°C-acclimated zoarcid, Zoarces viviparous (Lucassen et al., 2003) . The magnitude of the observed change in CCO activity for 5°C-acclimated killifish (1.5-fold) is similar to the 1.9-[green sunfish (Shaklee et al., 1977) ], 1.2-[zebrafish (McClelland et al., 2006) ], and 1.7-fold [cod (Lucassen et al., 2006) and bluegill (J.M.G. and E.L.C., unpublished)] increases in CCO in skeletal muscle reported elsewhere. Similar increases in CCO activity following cold acclimation in these other studies is not unexpected given comparable acclimation lengths for species in these studies (green sunfish, 1month; zebrafish, 1month; cod, 1.5months; bluegill, 2months); however, data from killifish demonstrate that activities of CCO can be changed in glycolytic muscle much more rapidly than previously thought.
The rise in oxidative capacity at low temperature in the absence of enhanced enzymatic antioxidants indicates that changes in oxidative capacities are not necessarily matched by concomitant adjustments in enzymatic antioxidant defenses. Data from glycolytic and cardiac muscles in the current study (Figs1,3) , as well as CAT activity measured in livers from rainbow trout (Oncorhynchus mykiss) acclimated to 5°C for 2months (E.L.C., unpublished), demonstrate that temperature acclimation does not modulate antioxidant defenses. Similarly, Witas et al. (Witas et al., 1984) and Cassini et al. (Cassini et al., 1993) showed that CAT activities from liver and liver, heart and skeletal muscle, respectively, are lower in Antarctic species when compared to temperate counterparts, whereas SOD activity may (Witas et al., 1984) or may not [red-blooded Antarctic species (Cassini et al., 1993) ] be elevated in cold-adapted fishes. Speers-Roesch and Ballantyne also demonstrated a mismatch between oxidative capacity and enzymatic antioxidants by reporting an inverse correlation between CCO and CAT activity in liver tissue of confamilial Arctic and temperate teleosts (Speers-Roesch and Ballantyne, 2005) . Whether higher oxidative capacities at cold body temperatures, not accompanied by elevated activities of enzymatic antioxidants, leaves cold-bodied fishes with a more significant risk of oxidative damage is a question we are pursuing currently.
On the other hand, microarray analyses from zebrafish exposed for one year to a reduced temperature (18°C) suggest a positive link between oxidative capacity and antioxidant response since 2.6-and 2.0-fold increases in genes controlling various components of the CCO complex and SOD, respectively, were observed in zebrafish acclimated to 18°C (Malek et al., 2004) . Additionally, Leary et al. reported a positive relationship between CCO and both CAT and SOD in heart and skeletal muscle of cold-acclimated trout (Leary et al., 2003) . Conflicting reports of ROS-generating process (e.g. oxidative phosphorylation) and antioxidant defenses following temperature acclimation/adaptation demonstrate the need for further investigation into the role of temperature in the relationship between the pro-and antioxidant processes.
Closer examination of the ratios of antioxidant activity to oxidative capacity (SOD/CCO or CAT/CCO) may provide valuable insight regarding the relative levels of antioxidants required to protect against oxidative stress. While absolute activities of antioxidant enzyme activity are not affected by temperature acclimation, tissues from the warm-acclimated fishes tend to have higher levels of antioxidant activity for a given oxidative activity. SOD/CCO was 1.4-and 1.8-fold higher in glycolytic muscle from warm-acclimated killifish and bluegill, respectively, than in cold-acclimated animals. Similarly, CAT/CCO activity was 1.4-fold higher in glycolytic muscle of killifish. Because the warm-acclimated animals possess higher activities of antioxidant activities when normalized to activities of the respiratory complex, this result would suggest that warmacclimated animals may actually require a more robust set of antioxidant defenses than cold-acclimated animals.
Temperature-induced membrane remodeling
Results from the current study and others (reviewed in Hazel and Williams, 1990) have demonstrated that not all membrane fractions respond equally to cold exposure. It has been noted that membranes from cold-acclimated/adapted ectotherms are generally enriched in unsaturated fatty acids and also that homeoviscous efficacy is typically higher in mitochondrial membranes than other membrane fractions. Although UI are similar for mitochondria from cold-and warm-acclimated killifish (Table1), mitochondria from killifish at 5°C are significantly enriched in phospholipids containing highly unsaturated fatty acids such as PE killifish over the acclimatory period, adding to a growing body of literature that indicates clearly that phospholipid compositions of microsomal and SR membranes are less affected by temperature change (Cossins et al., 1978; Vornanen et al., 1999) .
Changes in individual phospholipid molecular species might contribute to enhanced CCO activity in cold-acclimated animals (Hazel, 1972a; Hazel, 1972b; Wodtke, 1981b ; reviewed by Guderley and St. Pierre, 2002) . It is well accepted that elevated levels of unsaturated FA lead to concomitant changes in membrane fluidity (homeoviscous adaptation); however, there is much debate about whether lipid remodeling, including higher PUFA content, does (Hazel, 1972a; Hazel, 1972b; Wodtke, 1981b; Wu et al., 2001; Hulbert et al., 2006; Kraffe et al., 2007; Guderley et al., 2008) or does not (reviewed by Lee, 2003) lead to enhanced catalytic rates of membrane-associated proteins such as CCO. Although increases in individual PUFA species and the enhanced CCO activities in coldacclimated killifish mitochondria appear indeed to be correlated, we cannot say with any confidence that the changes in PUFA are responsible, even in part, for the trends in oxidative capacity.
Lipid remodeling and LPO in biological membranes
The inherent complexity of biological membranes, including interactions between pro-and antioxidants, may obscure straightforward conclusions about the impacts of lipid remodeling on susceptibility to LPO. While it is clear from studies of model lipids that rates of lipid peroxidation increase with degree of unsaturation (Holman, 1954; Cosgrove, 1987) and PE content (Wang, 1994) , the modest amount of phospholipid remodeling in mitochondria and microsomes between acclimation groups in the current study is insufficient to alter LPO susceptibilities. Cardiolipin is a likely target of ROS-mediated LPO both by proximity to ROS-generating sites as well as lipid chemical properties (i.e. degree of unsaturation). As an essential phospholipid for mitochondrial respiratory complexes I and IV (Schlame et al., 2000) , cardiolipin can represent a sizeable portion of phospholipids (14.9-15.3%) in mitochondria from fish glycolytic muscle (Wodtke, 1981a) . In addition, this phospholipid is normally highly unsaturated (Petrosillo et al., 2009 ). Although our analytical method for phospholipids precluded an assessment of cardiolipin composition, our measurements of membrane LPO susceptibility in cold-and warm-acclimated fishes should include contributions from any changes in cardiolipin with temperature.
Despite the larger UI values and lower PC/PE ratios in mitochondrial membranes from killifish (compared with microsomes), the mitochondrial membranes have lower rates of LPO (Fig.5) . These results indicate that mitochondrial membranes of fishes may possess more intrinsic defenses than do microsomal membranes. The antioxidant most likely to fulfill this role is vitamin E. This lowmolecular-mass, lipophilic antioxidant has been shown to be particularly abundant in mitochondrial fractions prepared from rat (Atkinson et al., 2008) . The role of low-molecular-mass antioxidants that are associated with the membrane will need to be assessed in future studies that consider the consequences of temperature acclimation or adaptation. Among the potent lipophilic antioxidants, the vitamin E molecules and electron transport components (e.g. various homologues of ubiquinone) are likely to be the most important in mitigating LPO damage to biological membranes (Niki et al., 1989) . It is possible that as phospholipids are remodeled, elevations in PUFA content (and consequent elevated risk of LPO) may be countered directly by fortification with one or more neutral lipid antioxidant(s) in membrane fractions. Levels of the 'marine-derived tocopherol' are consistently elevated in tissues of cold-adapted marine organisms, including fishes (Yamamoto et al., 2001) . It would seem possible that cold acclimation may induce similar increases in vitamin E, which may then provide cold-acclimated fishes with the additional protection afforded to cold-adapted species.
Conclusions
Oxidative capacities in skeletal muscle of fishes may be altered by just nine days of temperature acclimation, while the same duration of a moderate exercise regime is not sufficient to induce a response in activities of either oxidative (CS or CCO) or antioxidant enzymes (SOD and CAT). These data demonstrate that variable activity levels among temperature treatments are not likely to confound studies aimed at addressing the effects of temperature on oxidative and/or antioxidant metabolism in ectothermic organisms. The apparent mismatch, however, between oxidative capacities (CCO) and activities of enzymatic antioxidants reported in this paper (and in previous studies) is striking. One must consider that in many instances only enzymatic antioxidants have been reported. An enhancement in the activity of enzymatic antioxidants (e.g. CAT and SOD) may be unnecessary if low-molecular-mass antioxidants fulfill this role. Despite modest changes in membrane PUFA contents, susceptibility of mitochondrial and microsomal membranes to LPO was unaffected by temperature acclimation although mitochondrial and microsomal membranes respond differently to an oxidative challenge. Despite a higher degree of membrane unsaturation and elevated levels of PEs, mitochondria were less vulnerable to LPO than were preparations of microsomes. An explanation for these counterintuitive results may reside with lowmolecular-mass antioxidants (e.g. vitamins E and C, glutathione), which could reduce LPO susceptibility and/or protect animals with higher oxidative capacities. Our future studies will consider measures of both enzymatic and low-molecular-mass antioxidants in order to quantify the relative contributions of each class of antioxidants in protecting biological membranes during acclimation to varying temperatures. 
LIST OF ABBREVIATIONS
BL
